EP 2 439 313 A1

(1 9) Européisches
: Patentamt

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

EP 2 439 313 A1

European
Patent Office

Office européen

des brevets (1 1 )

(43) Date of publication: (51) IntCl.:

11.04.2012 Bulletin 2012/15 C25B 9/00(2006.01)
CO01B 3/04(2006.01)

C25B 1/04 (2006.0%)
HO1M 8/06 (2006.01
(21) Application number: 10783141.4

(86) International application number:
(22) Date of filing: 01.06.2010 PCT/JP2010/003670

(87) International publication number:

WO 2010/140353 (09.12.2010 Gazette 2010/49)

(84) Designated Contracting States:
AL AT BEBG CH CY CZ DE DK EE ES FI FR GB
GRHRHUIEISITLILT LULV MC MK MT NL NO
PL PT RO SE SI SK SM TR

(30) Priority: 02.06.2009 JP 2009132809
03.06.2009 JP 2009133749

(71) Applicant: Panasonic Corporation
Kadoma-shi
Osaka 571-8501 (JP)

(72) Inventors:
« NOMURA, Takaiki
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)
¢ SUZUKI, Takahiro
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)
¢ TOKUHIRO, Kenichi
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)

¢ KUROHA, Tomohiro
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)
¢ TANIGUCHI, Noboru
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)
¢ HATOH, Kazuhito
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)
¢ TOKUMITSU, Shuzo
2-1-61,
Shiromi, Chuo-ku,
Osaka-shi,
Osaka 540-6207 (JP)

(74) Representative: Eisenfiihr, Speiser & Partner

Johannes-Brahms-Platz 1
20355 Hamburg (DE)

(54) PHOTOELECTROCHEMICAL CELL
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optical semiconductor electrode (3), the counter elec-
trode (4), and the electrolyte solution (11) are disposed;
an inlet (5) for supplying water into the container; and an
ion passing portion (12) that allows ions to move between
the electrolyte solution in a region A on the surface side
of the n-type semiconductor layer (3b) and the electrolyte
solution in a region B on the opposite side of the region
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Description
TECHNICAL FIELD
[0001] The present invention relates to a photoelectrochemical cell for decomposing water by light irradiation.
BACKGROUND ART

[0002] There are conventionally known techniques for decomposing water into hydrogen and oxygen by irradiating
an optical semiconductor with light.

[0003] For example, Patent Literature 1 discloses a technique for generating hydrogen or oxygen on the surfaces of
an optical semiconductor electrode and a counter electrode facing each other in an electrolyte solution by irradiating the
surface of the optical semiconductor electrode with light.

[0004] Patent Literature 2 discloses a water photolysis apparatus including a reaction tube in which an optical semi-
conductor layer is formed on the outer surface of a cylindrical conductor and a counter electrode is formed on the inner
surface thereof. This apparatus is configured to separate the generated hydrogen and oxygen from each other by using
the inner region and the outer region of the reaction tube.

[0005] Patent Literature 3 discloses, as another apparatus capable of separating hydrogen and oxygen generated by
photolysis of water, an apparatus including an anode electrode including an optical semiconductor, a proton conducting
membrane, and a cathode electrode. Through-holes are formed in the cathode electrode, and a platinum layer serving
as a catalyst layer is formed on the inner surface of each through-hole. This apparatus is configured to discharge hydrogen
generated on the inner surfaces of the through-holes in the cathode electrode, through those through-holes, so as to
separate the generated hydrogen from oxygen.

CITATION LIST
Patent Literature
[0006]

Patent Literature 1 JP 51(1976)-123779 A
Patent Literature 2~ JP 04(1992)-231301 A
Patent Literature 3~ JP 2006-176835 A

SUMMARY OF INVENTION
Technical Problem

[0007] However, a configuration as disclosed in Patent Literature 1, in which an optical semiconductor electrode and
a counter electrode facing each other are merely disposed in an electrolyte solution, makes it difficult to separate
generated hydrogen and oxygen from each other. The structure employed in Patent Literature 1 has another problem
in that no consideration is given to the state in which the structure is set in place, and therefore, when the structure is
set in certain positions, the generated gases cover the surfaces of the electrodes, resulting in a decrease in the hydrogen
production efficiency.

[0008] In the case of employing a structure as disclosed in Patent Literature 2, in which an optical semiconductor
(optical semiconductor electrode) is formed on the outer surface of a cylindrical conductor and a counter electrode is
formed on the inner surface thereof so that hydrogen and oxygen generated inside and outside the cylindrical conductor
are separated from each other, these electrodes must be disposed to face the sun if sunlight is used. In this case, if the
surface of the optical semiconductor electrode is positioned to face the sun, oxygen or hydrogen generated on the
surface of the counter electrode inside the cylindrical conductor covers the surface of the counter electrode and is unlikely
to be released therefrom, while hydrogen or oxygen generated on the surface of the optical semiconductor electrode
would be released from the surface of the optical semiconductor electrode. Therefore, such a configuration has a problem
in that the contact area between the counter electrode and water decreases, resulting in a decrease in the hydrogen
production efficiency.

[0009] In the configuration disclosed in Patent Literature 3, if the optical semiconductor of the anode electrode is
positioned to face the sun, hydrogen generated inside the through-holes of the cathode electrode is unlikely to be
discharged from the through-holes, which is a problem in that the inner surfaces of the through-holes are covered with
hydrogen and thus the efficiency of water photolysis decreases, resulting in a decrease in the hydrogen production
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efficiency.
[0010] Accordingly,itis anobjectofthe presentinvention to provide a photoelectrochemical cell that prevents generated
gases from covering the surfaces of electrodes so as to improve the hydrogen production efficiency.

Solution to Problem

[0011] The photoelectrochemical cell of the present invention is a photoelectrochemical cell for hydrogen generation
by decomposition of water by light irradiation. This cell includes: a first electrode including a conductive substrate and
an optical semiconductor layer disposed on the conductive substrate; a second electrode disposed to face a surface of
the first electrode on a conductive substrate side and connected electrically to the conductive substrate; an electrolyte
solution containing water and disposed in contact with a surface of the optical semiconductor layer and a surface of the
second electrode; a container in which the first electrode, the second electrode, and the electrolyte solution are disposed;
an inlet for supplying water into the container; and an ion passing portion that allows ions to move between the electrolyte
solution in a first region on a surface side of the optical semiconductor layer and the electrolyte solution in a second
region on an opposite side of the first region with respect to the first electrode. When the optical semiconductor layer is
irradiated with light, the water in the electrolyte solution is decomposed to generate hydrogen.

Advantageous Effects of Invention

[0012] Generally, in order to enhance the light use efficiency, a photoelectrochemical cell is placed in such a position
that an optical semiconductor layer of afirst electrode faces a light source such as the sun. When the photoelectrochemical
cell of the present invention is placed in this position, the first electrode is positioned with the optical semiconductor layer
facing upward, and the second electrode is positioned with the surface in contact with the electrolyte solution facing
upward. When the photoelectrochemical cell is placed in this position, gases generated on the surface of the optical
semiconductor layer of the first electrode and the surface of the second electrode can easily move away from the surfaces
of the first electrode and the second electrode by buoyancy. Therefore, the gases do not adhere to the surface of the
optical semiconductor layer and the surface of the second electrode and do not cover these surfaces. The photoelec-
trochemical cell is further provided with a water inlet. When water is supplied through the inlet, the flow of the electrolyte
solution takes place, which allows the generated gasses to move away from the electrode surfaces more efficiently.
With the configuration of the present invention, as described above, the generated gases do not block the contact
between the electrolyte solution and the surfaces of the optical semiconductor layer and the second electrode. Therefore,
the initial efficiency of water decomposition can be maintained for a long period of time, and thus a decrease in the
hydrogen production efficiency can be suppressed.

BRIEF DESCRIPTION OF DRAWINGS
[0013]

Fig. 1 is a schematic diagram showing the configuration of a photoelectrochemical cell in a first embodiment of the
present invention.

Fig. 2 is a schematic diagram showing the configuration of a photoelectrochemical cell in a second embodiment of
the present invention.

Fig. 3 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 1.
Fig. 4 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 2.
Fig. 5 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 3.
Fig. 6 is a schematic diagram showing the configuration of a photoelectrochemical cell in Example 2.

Fig. 7 is a schematic diagram showing the configuration of a photoelectrochemical cell in Example 3.

Fig. 8 is a schematic diagram showing the configuration of a photoelectrochemical cell in Example 4.

Fig. 9 is a schematic diagram showing the configuration of a photoelectrochemical cell in Example 5.

Fig. 10 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 5.
Fig. 11 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 6.
Fig. 12 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 7.
Fig. 13 is a schematic diagram showing the configuration of a photoelectrochemical cell in Comparative Example 8.
Fig. 14 is a diagram showing a method for placing an optical semiconductor electrode in a container in Example 5.

DESCRIPTION OF EMBODIMENTS

[0014] Hereinafter, the embodiments of the present invention will be described in detail with reference to the drawings.
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The following embodiments are merely examples, and the present invention is not limited to these embodiments.
(First Embodiment)

[0015] Fig. 1 is a schematic diagram showing the configuration of a photoelectrochemical cell in a first embodiment
of the present invention.

[0016] Asshownin Fig. 1, a photoelectrochemical cell 1 in the present embodiment includes: an optical semiconductor
electrode (first electrode) 3 composed of a conductive substrate 3a and an n-type semiconductor layer (optical semi-
conductor layer) 3b disposed on the conductive substrate 3a; a counter electrode (second electrode) 4 disposed to face
the surface of the optical semiconductor electrode 3 on the conductive substrate 3a side and connected electrically to
the conductive substrate 3a by a lead wire 10; an electrolyte solution 11 containing water and disposed in contact with
the surface of the n-type semiconductor layer 3b and the surface of the counter electrode 4; a container 2 in which the
optical semiconductor electrode 3, the counter electrode 4, and the electrolyte solution 11 are disposed; an inlet 5 for
supplying water into the container 2; and an ion passing portion 12. The inlet 5 is disposed at the lower end of the
container 2 when the photoelectrochemical cell 1 is set in place. The ion passing portion 12 is a portion that allows ions
(for example, hydrogen ions and hydroxide ions) to move between the electrolyte solution 11 in a region A (first region)
on the surface side of the n-type semiconductor layer 3b and the electrolyte solution 11 in a region B (second region)
on the opposite side of the region A with respect to the optical semiconductor electrode 3. In the present embodiment,
the ion passing portion 12 is an opening formed in the optical semiconductor electrode 3, and provided below the level
of the lower end of the optical semiconductor electrode 3, when the lower surface of the container 2 of the photoelec-
trochemical cell 1 that is set in place is defined as a reference level.

[0017] When the n-type semiconductor layer 3b is irradiated with light, the photoelectrochemical cell 1 decomposes
water supplied into the container 2 so as to generate oxygen 7 and hydrogen 8. The oxygen 7 is generated on the surface
of the n-type semiconductor layer 3b of the optical semiconductor electrode 3, and the hydrogen 8 is generated on the
surface of the counter electrode 4. In the present embodiment, an n-type semiconductor is used for the optical semi-
conductor layer of the optical semiconductor electrode 3, but a p-type semiconductor also can be used. When a p-type
semiconductor is used, hydrogen and oxygen are generated on the opposite electrodes. That is, hydrogen is generated
on the optical semiconductor electrode 3, and oxygen is generated on the counter electrode 4.

[0018] Inordertofurtherensurethe separation betweenagas (oxygen 7 herein) generated on the optical semiconductor
electrode 3 side and a gas (hydrogen 8 herein) generated on the counter electrode 4 side, the photoelectrochemical
cell 1 is further provided with a gas separation member 9 in a region (including the region of the ion passing member
12) between the optical semiconductor electrode 3 and the counter electrode 4.

[0019] The container 2 is provided with an oxygen outlet (first outlet) 6a for discharging the oxygen 7 generated in the
container 2 and a hydrogen outlet (second outlet) 6b for discharging the hydrogen 8 generated therein. The hydrogen
and the oxygen discharged through these outlets are collected separately.

[0020] Fig. 1 shows a state in which the photoelectrochemical cell 1 is set in place so that the optical semiconductor
electrode 3 is positioned with the n-type semiconductor layer 3b facing upward and the counter electrode 4 is positioned
with the surface in contact with the electrolyte solution 11 facing upward.

[0021] In this placement state, the oxygen 7 generated on the surface of the n-type semiconductor layer 3b can move
away from the surface of the n-type semiconductor layer 3b by buoyancy to the upper part of the cell, without adhering
to the surface of the n-type semiconductor layer 3b and the surface of the counter electrode 4. The hydrogen 8 also
does not adhere to the surface of the n-type semiconductor layer 3b because the conductive substrate 3a and the gas
separation member 9 are disposed between the n-type semiconductor layer 3b and the counter electrode 4 on which
the hydrogen 8 is generated, although the counter electrode 4 is located below the n-type semiconductor layer 3b.
Therefore, the surface of the n-type semiconductor layer 3b is not covered with the generated oxygen 7 and hydrogen
8. As a result, the initial efficiency of water decomposition can be maintained for a long period of time. Furthermore,
since the optical semiconductor electrode 3 is disposed above the counter electrode 4 (so that the former faces a light
source), the surface of the optical semiconductor electrode 3 is irradiated with light without being blocked by the counter
electrode 4. Therefore, the quantum efficiency of the cell 1 is improved further. As stated herein, the phrase "the n-type
semiconductor layer 3b, namely, the optical semiconductor layer faces upward" means that the normal vector on the
surface of the optical semiconductor layer points upward to a region including the vertically upward direction with respect
to the horizontal plane.

[0022] Onthe other hand, the counter electrode 4 is disposed to face the surface of the optical semiconductor electrode
3 on the conductive substrate 3a side. The counter electrode 4 is disposed in such a position that the surface that faces
the optical semiconductor electrode 3 is in contact with the electrolyte solution 11 and this surface faces upward. The
phrase "the surface of the counter electrode 4 in contact with the electrolyte solution 11 faces upward" means that the
normal vector on this surface points upward to a region including the vertically upward direction with respect to the
horizontal plane. In the present embodiment, since the surface of the counter electrode 4 on which the hydrogen 8 is
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generated faces upward, as described above, the generated hydrogen 8 can move away from the surface of the counter
electrode 4 by buoyancy to the upper part of the cell, without adhering to the surface of the counter electrode 4. Therefore,
the surface of the counter electrode 4 is not covered with the hydrogen 8. Furthermore, since the n-type semiconductor
layer 3b on which the oxygen 7 is generated is located above the counter electrode 4, the surface of the counter electrode
4 is also not covered with the oxygen 7. Therefore, the initial efficiency of water decomposition can be maintained for a
long period of time.

[0023] The optical semiconductor electrode 3 and the counter electrode 4 are described in more detail.

[0024] Preferably, the n-type semiconductor layer 3b that constitutes the optical semiconductor electrode 3 is formed
of a semiconductor having a conduction band edge level of not more than 0 V, which is the standard reduction potential
of hydrogen ions, and a valence band edge level of not less than 1.23 V, which is the standard oxidation potential of
water, in order to photolyze water and generate hydrogen. Semiconductors that can be used effectively for that purpose
include: oxides, oxynitrides, and nitrides of titanium, tungsten, iron, copper, tantalum, gallium, or indium alone; complex
oxides of these elements; these oxides, oxynitrides, and nitrides, and complex oxides additionally containing alkali metal
ions or alkaline earth metal ions; and metals supporting, on their surfaces, iron, copper, silver, gold, platinum, or the
like. Among these, metals supporting, on their surfaces, iron, copper, silver, gold, platinum, or the like are used particularly
preferably because they have low overvoltages. Furthermore, a multilayer film of a film made of a material having a
conduction band edge level of not more than 0 V, which is the standard reduction potential of hydrogen ions, and a film
made of a material having a valence band edge level of not less than 1.23 V, which is the standard oxidation potential
of water, also is used effectively. As an example, a WO,/ITO (Indium Tin Oxide)/Si multilayer film or the like, for example,
is used effectively.

[0025] As the conductive substrate 3a, any substrate may be used as long as it forms an ohmic contact with the n-
type semiconductor layer 3b, and the material thereof is not particularly limited. Generally, a metal substrate is used,
but a conductive film substrate in which a conductive film such as ITO or FTO (Fluorine-doped Tin Oxide) is formed on
an insulating substrate such as glass also can be used. However, it is better that a region of the conductive substrate
3a that is not covered with the n-type semiconductor layer 3b be not in contact with water to prevent a cell reaction from
occurring in the electrode. Therefore, it is desirable that the region of the conductive substrate 3a that is not covered
with the n-type semiconductor layer 3b be covered with an insulating material such as resin.

[0026] A material with alow overvoltage is used advantageously for the counter electrode 4. In the presentembodiment,
hydrogen 8 is generated on the counter electrode 4. Therefore, an electrode made of a metal such as Pt, Au, Ag, or Fe,
or an electrode on which such a metal is supported is used suitably as the counter electrode 4. In the case where a p-
type semiconductor layer is used as an alternative to the n-type semiconductor layer 3b to form a photoelectrochemical
cell for generating oxygen on the counter electrode 4, an electrode made of a metal such as Ni or Pt, or an electrode
on which such a metal is supported is used suitably as the counter electrode 4.

[0027] In the present embodiment, when the photoelectrochemical cell 1 is set in place, the inlet 5 for supplying water
is disposed at the lower end of the container 2. With this configuration, the electrolyte solution 11 flows upward along
the surface of the optical semiconductor electrode 3 and the surface of the counter electrode 4, which allows the generated
oxygen and hydrogen to move away from the surfaces of these electrode more efficiently. In the present embodiment,
the water inlet 5 is disposed at the lower end of the container 2, but the position of the inlet 5 is not limited to this position
as long as it is the position where water can be supplied into the container 2 through the inlet 5. It should be noted that
in order to allow oxygen and hydrogen to move away from the electrode surfaces efficiently by the flow of the electrolyte
solution 11, the inlet 5 is preferably disposed below the level of the lower end of the optical semiconductor electrode 3
and the level of the lower end of the counter electrode 4, when the lower surface of the container 2 of the photoelectro-
chemical cell 1 that is set in place is defined as a reference level.

[0028] The ion passing portion 12 is an opening formed in the optical semiconductor electrode 3. With this ion passing
portion 12, ions in the electrolyte solution 11 can be supplied to the electrode surfaces efficiently without being blocked
from moving in the electrolyte solution by the electrodes. In the present embodiment, the ion passing portion 12 is
disposed below the level of (at a lower position than) the lower end of the optical semiconductor electrode 3 and below
the level of (at a lower position than) the lower end of the counter electrode 4, when the lower surface of the container
2 of the photoelectrochemical cell 1 that is set in place is defined as a reference level. The oxygen 7 and the hydrogen
8 generated by the decomposition of water move upward to the upper part of the cell 1 by buoyancy. Accordingly, the
configuration of the present embodiment inhibits the generated oxygen 7 and hydrogen 8 from entering the ion passing
portion 12, which allows hydrogen ions or hydroxide ions necessary for decomposition of water to move between the
two electrodes (between the region A and the region B) while separating the oxygen 7 and the hydrogen 8 from each
other, and thus achieves long-term water decomposition.

[0029] The gas separation member 9 is disposed in the region of the ion passing portion 12. Therefore, during the
highly efficient photolysis of water, the oxygen 7 and hydrogen 8 generated thereby can be completely separated from
each other. In the present embodiment, the gas separation member 9 is composed of an ion exchanger. The use of the
ion exchanger allows only the ions to pass through it while separating the oxygen 7 and the hydrogen 8 from each other.
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Therefore, continuous and highly efficient photolysis of water can be carried out. As the ion exchanger used for the gas
separation member 9, a solid polymer electrolyte having a high ion transport number, for example, Nafion (registered
trademark) manufactured by DuPont, is desirably used. As an alternative to an ion exchanger, a porous membrane such
as a polytetrafluoroethylene porous membrane also can be used for the gas separation member 9. In this case, a porous
membrane with such a pore size that allows the electrolyte solution 11 to pass therethrough and prevents the generated
oxygen 7 and hydrogen 8 from passing therethrough may be used. In the present embodiment, as described above, the
position of the ion passing portion 12 allows the oxygen 7 and the hydrogen 8 to be separated from each other at a high
probability. Therefore, the gas separation member 9 may be omitted.

[0030] A portion of the container 2 (light incident portion) that faces the n-type semiconductor layer 3b is made of a
material that transmits light such as sunlight. The container 2 is provided with an oxygen outlet (first outlet) 6a for
discharging the oxygen 7 generated in the container 2 and a hydrogen outlet (second outlet) 6b for discharging the
hydrogen 8 generated therein. Preferably, the oxygen outlet 6a and the hydrogen outlet 6b are disposed so that the
oxygen outlet 6a is located at the same level as or above the level of the upper end of the optical semiconductor electrode
3 and that the hydrogen outlet 6b is located at the same level as or above the level of the upper end of the counter
electrode 4, when the photoelectrochemical cell 1 is set in place. With this configuration, the oxygen 7 and the hydrogen
8 that have moved away from the surface of the optical semiconductor electrode 3 and the surface of the counter
electrode 4 can be collected efficiently. In Fig. 1, the member provided as the counter electrode 4 extends outside the
container 2 and the upper end of the member is located above the level of the hydrogen outlet 6b. However, it can be
said that, in this case, also, the hydrogen outlet 6b is located at the same level as or above the level of the upper end
of the counter electrode 4, because a portion of the member in contact with the electrolyte solution 11 serves as the
counter electrode 4.

[0031] In the configuration shown in Fig. 1, the optical semiconductor electrode 3 and the counter electrode 4 have
almost the same area, but it is desirable that the area of the counter electrode 4 be smaller than that of the optical
semiconductor electrode 3. This maximizes the light receiving area of the optical semiconductor electrode 3. Furthermore,
the current density of the photoelectrochemical cell 1 is about one twentieth that obtained in water electrolysis. Therefore,
if a platinum catalyst is used for the counter electrode 4 as in the case of water electrolysis, a significant cost reduction
can be achieved.

[0032] Any electrolyte solution can be used for the electrolyte solution 11 as long as it contains water. The electrolyte
solution 11 may be acidic or alkaline. The electrolyte solution 11 may consist of water.

[0033] Next, the operation of the photoelectrochemical cell 1 of the present embodiment is described.

[0034] When the n-type semiconductor layer 3b of the optical semiconductor electrode 3 disposed inside the container
2 of the photoelectrochemical cell 1 is irradiated with sunlight through the light incident portion of the container 2, water
is decomposed to generate the oxygen 7 on the n-type semiconductor layer 3b according to the following reaction formula
(1). Electrons (e”) generated by this reaction move from the n-type semiconductor layer 3b to the counter electrode 4
through the conductive substrate 3a and the lead wire 10. On the other hand, hydrogen ions (H+) generated by the
reaction according to the reaction formula (1) move from the region A to the region B through the ion passing portion
12 and the gas separation member 9, and react with the electrons that have moved to the counter electrode 4, on the
surface of the counter electrode 4 (according to the following reaction formula (2)). Thus, hydrogen is generated.
[0035]

2H,0 — O,T + 4H* + de- (1
de + 4H*— 2H,T 2)

[0036] In the present embodiment, the surface of the optical semiconductor electrode 3 on which the oxygen 7 is
generated and the surface of the counter electrode 4 on which the hydrogen 8 is generated face upward. Therefore, the
oxygen 7 generated on the optical semiconductor electrode 3 moves away therefrom by buoyancy, and the hydrogen
8 generated on the counter electrode 4 moves away therefrom by buoyancy. Since the ion passing portion 12 is provided
below the levels of the portions where the oxygen 7 and the hydrogen 8 are generated and the gas separation member
9 is provided additionally, the oxygen 7 and the hydrogen 8 do not mix with each other, but the oxygen 7 moves to the
upper part of the region on the optical semiconductor electrode 3 side partitioned by the gas separation member 9, and
the hydrogen 8 moves to the upper part of the region on the counter electrode 4 side partitioned by the gas separation
member 9. Accordingly, the oxygen 7 is discharged through the oxygen outlet 6a disposed in the region on the optical
semiconductor electrode 3 side, and the hydrogen 8 is discharged through the hydrogen outlet 6b disposed in the region
on the counter electrode 4 side. During this process, the surfaces of the optical semiconductor electrode 3 and the
counter electrode 4 are not covered with the generated gasses, as described above, and therefore the initial efficiency
of water decomposition can be maintained for a long period of time.
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(Second Embodiment)

[0037] Fig. 2is a schematic diagram showing the configuration of a photoelectrochemical cell in a second embodiment
of the present invention.

[0038] A photoelectrochemical cell 21 of the present embodiment has the same configuration as the photoelectro-
chemical cell 1, except that the structures of an optical semiconductor electrode (first electrode) 22 and an ion passing
portion 23 are different from those of the optical semiconductor electrode 3 and the ion passing portion 12 of the
photoelectrochemical cell 1 of the first embodiment. Therefore, only the optical semiconductor electrode 22 and the ion
passing portion 23 are described herein.

[0039] The optical semiconductor electrode 22 is composed of a conductive substrate 22a and an n-type semiconductor
layer (optical semiconductor layer) 22b disposed on the conductive substrate 22a. The counter electrode 4 is disposed
to face the surface of the optical semiconductor electrode 22 on the conductive substrate 22a side and connected
electrically to the conductive substrate 22a by the lead wire 10. When the n-type semiconductor layer 22b is irradiated
with light, the photoelectrochemical cell 22 decomposes water supplied into the container 2 so as to generate oxygen
7 and hydrogen 8. The oxygen 7 is generated on the surface of the n-type semiconductor layer 22b of the optical
semiconductor electrode 22, and the hydrogen 8 is generated on the surface of the counter electrode 4. In the present
embodiment, an n-type semiconductor is used for the optical semiconductor layer of the optical semiconductor electrode
22, but a p-type semiconductor also can be used. When a p-type semiconductor is used, hydrogen and oxygen are
generated on the opposite electrodes. That is, hydrogen is generated on the optical semiconductor electrode 22, and
oxygen is generated on the counter electrode 4.

[0040] In the present embodiment, the photoelectrochemical cell 21 is set in place so that the optical semiconductor
electrode 22 is disposed with the n-type semiconductor layer 22b facing upward. Therefore, the oxygen 7 generated on
the surface of the n-type semiconductor layer 22b can move away from the surface of the n-type semiconductor layer
22b by buoyancy to the upper part of the cell, without adhering to the surface of the n-type semiconductor layer 22b and
the surface of the counter electrode 4. The hydrogen 8 also does not adhere to the surface of the n-type semiconductor
layer 22b because the conductive substrate 22a and the gas separation member 9 are disposed between the n-type
semiconductor layer 22b and the counter electrode 4 on which the hydrogen 8 is generated, although the counter
electrode 4 is located below the n-type semiconductor layer 22b. Therefore, the surface of the n-type semiconductor
layer 22b is not covered with the generated oxygen 7 and hydrogen 8. As a result, the initial efficiency of water decom-
position can be maintained for a long period of time.

[0041] Furthermore, the optical semiconductor electrode 22 is provided with the ion passing portions 23. The ion
passing portion 23 is a portion that allows ions (for example, hydrogen ions and hydroxide ions) to move between the
electrolyte solution 11 in the region A (first region) on the surface side of the n-type semiconductor layer 22b and the
electrolyte solution 11 in the region B (second region) on the opposite side of the region A with respect to the optical
semiconductor electrode 22. In the present embodiment, the ion passing portions 23 are through-holes formed in the
optical semiconductor electrode 22. The porosity of the optical semiconductor electrode 22 is desirably 46% or less from
the viewpoint of providing sufficient area of contact between the electrolyte solution 11 and the n-type semiconductor
layer 22b of the optical semiconductor electrode 22 (i.e., providing about the same area of contact as the area of contact
between the electrolyte solution and an optical semiconductor electrode, if it is a plate-like electrode without through-
holes). Furthermore, the porosity is more desirably 13% or less from the viewpoint of providing sufficient area of the n-
type semiconductor layer 22b to be irradiated with sunlight (i.e., providing about the same area to be irradiated with
sunlight as the area of an optical semiconductor electrode to be irradiated with sunlight, if it is a plate-like electrode
without through-holes). The shape of the through-holes is not particularly limited. For example, they may be slit-shaped.
If the through-holes are slit-shaped, the distance between the slits corresponds to the diameter of the through-holes. In
the photoelectrochemical cell 21 shown in Fig. 2, the ion passing portions 23 are the through-holes that are formed
partially in the optical semiconductor electrode 22, but their arrangement is not limited to this. For example, the optical
semiconductor electrode 22 may have a mesh structure or a honeycomb structure to obtain an optical semiconductor
electrode having ion passing portions. Such a mesh structure or honeycomb structure of the optical semiconductor
electrode 22 makes it possible not only to form the ion passing portions 23 in the optical semiconductor electrode 22
but also to increase the surface area of the n-type semiconductor layer 22b. Thereby, the efficiency of water photolysis
can further be improved. The optical semiconductor electrode 22 having a mesh structure can be fabricated by using
the conductive substrate 22a made of metal mesh or punching metal, for example, and forming the n-type semiconductor
layer 22b on the metal mesh or punching metal. Likewise, the optical semiconductor electrode 22 having a honeycomb
structure can be fabricated by using the conductive substrate 22a made of metal honeycomb and forming the n-type
semiconductor layer 22b on the surface of the metal honeycomb. The ion passing portions can also be formed in the
optical semiconductor electrode 22 if the electrode is partially made of an ion permeable material such as an ion ex-
changer. For example, the ion passing portions may be formed by forming through-holes in the optical semiconductor
electrode 22 and filling the through-holes with an ion exchanger. Examples of such ion exchangers include solid elec-
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trolytes and solid polymer electrolytes. Since the photoelectrochemical cell 21 operates at about room temperature, a
solid polymer electrolyte having a high ion transport number, for example, Nafion (registered trademark) manufactured
by DuPont, is desirably used.

[0042] Next, the operation of the photoelectrochemical cell 21 of the present embodiment is described.

[0043] When the n-type semiconductor layer 22b of the optical semiconductor electrode 22 disposed inside the con-
tainer 2 of the photoelectrochemical cell 21 is irradiated with sunlight through the light incident portion of the container
2, water is decomposed to generate the oxygen 7 on the n-type semiconductor layer 22b according to the above reaction
formula (1). Electrons (e”) generated by this reaction move from the n-type semiconductor layer 22b to the counter
electrode 4 through the conductive substrate 22a and the lead wire 10. On the other hand, hydrogen ions (H*) generated
by the reaction according to the reaction formula (1) move from the region A to the region B through the ion passing
portions 23 and the gas separation member 9, and react with the electrons that have moved to the counter electrode 4,
on the surface of the counter electrode 4 (according to the above reaction formula (2)). Thus hydrogen is generated.
[0044] Since the surface of the optical semiconductor electrode 22 on which the oxygen 7 is generated and the surface
of the counter electrode 4 on which the hydrogen 8 is generated face upward, the oxygen 7 generated on the optical
semiconductor electrode 22 moves away therefrom by buoyancy, and the hydrogen 8 generated on the counter electrode
4 moves away therefrom by buoyancy. Since the gas separation member 9 is provided, the oxygen 7 and the hydrogen
8 do not mix with each other, but the oxygen 7 moves to the upper part of the region on the optical semiconductor
electrode 22 side partitioned by the gas separation member 9, and the hydrogen 8 moves to the upper part of the region
on the counter electrode 4 side partitioned by the gas separation member 9. Accordingly, the oxygen 7 is discharged
through the oxygen outlet 6a disposed in the region on the optical semiconductor electrode 22 side, and the hydrogen
8 is discharged through the hydrogen outlet 6b disposed in the region on the counter electrode 4 side. During this
process, the surfaces of the optical semiconductor electrode 22 and the counter electrode 4 are not covered with the
generated gasses, as described above, and therefore the initial efficiency of water decomposition can be maintained
for a long period of time.

[0045] The configuration, like that of the photoelectrochemical cell 21 of the present embodiment, in which through-
holes serving as the ion passing portions 23 are formed in the optical semiconductor electrode 22, and the effects
obtained thereby are briefly described below, in comparison with the conventional photoelectrochemical cells.

[0046] Forexample, in a configuration as disclosed in Patent Literature 1, in which an optical semiconductor electrode
and a counter electrode facing each other are disposed in an electrolyte solution, ions (hydrogen ions and hydroxide
ions) in the electrolyte solution may not be supplied efficiently to the surfaces of these electrodes for reasons such as
a blockage of movement of the ions by the electrodes. If the ions are not supplied efficiently to the surfaces of the
electrodes, the efficiency of water photolysis using the optical semiconductor electrode also decreases. Therefore,
hydrogen and oxygen sometimes cannot be generated efficiently in this configuration.

[0047] In the configuration disclosed in Patent Literature 2, the electrolyte solution moves between the inner region
and the outer region of the reaction tube through an opening formed at the lower end of the reaction tube. Therefore, it
is difficult to supply hydrogen ions and hydroxide ions efficiently to the surfaces of the optical semiconductor layer and
the counter electrode in the middle and upper parts of the reaction tube. Thus, the configuration of Patent Literature 2
makes it difficult to supply ions efficiently throughout the surfaces of the optical semiconductor layer and the counter
electrode.

[0048] In the configuration disclosed in Patent Literature 3, hydrogen ions need to be supplied more efficiently to the
surface of the cathode electrode to further improve the efficiency of water photolysis, although hydrogen ions are supplied
from the anode electrode to the cathode electrode through the proton conducting membrane.

[0049] In contrast, in the photoelectrochemical cell 21 of the present embodiment, the ion passing portions 23 formed
in the optical semiconductor electrode 22 allow the ions in the electrolyte solution 11 to move between the region A on
the surface side of the optical semiconductor layer 22b of the optical semiconductor electrode 22 and the region B on
the opposite side of the region A with respect to the optical semiconductor electrode 22. Since the counter electrode 4
is disposed to face the conductive substrate 22a of the optical semiconductor electrode 22, the ions that have moved
from the region A to the region B through the ion passing portions 23 can be supplied efficiently to the surface of the
counter electrode 4. Thereby, the efficiency of water photolysis can further be improved.

EXAMPLES
[0050] Hereafter, examples of the present invention are described specifically.
(Example 1)

[0051] As Example 1, a photoelectrochemical cell having the same configuration as the photoelectrochemical cell 1
shown in Fig. 1 was fabricated. The photoelectrochemical cell of Example 1 is described below with reference to Fig. 1.
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[0052] First, an ITO thin film (with a thickness of 150 nm and a sheet resistance of 10 Q/sq.) was formed by sputtering
on a 10 cm X 10 cm square glass substrate. A titanium oxide film (an anatase polycrystalline film with a thickness of
500 nm) serving as the n-type semiconductor layer 3b was formed by sputtering on this ITO thin film-deposited glass
substrate (corresponding to the conductive substrate 3a). The back surface of the conductive substrate 3a (on which
the n-type semiconductor layer 3b was not provided) was insulated with fluororesin (not shown in the diagram). On the
other hand, a 10 cm X 10 cm square platinum plate was prepared as the counter electrode 4. The back surface of the
counter electrode 4 (i.e., the surface not in contact with the electrolyte solution) was insulated with fluororesin (not shown
in the diagram). The counter electrode 4 was placed in the container 2 with its back surface being in close contact with
the inner wall of the container 2 and its surface facing the conductive substrate 3a. The counter electrode 4 was connected
electrically to the conductive substrate 3a by the lead wire 10. As the ion passing portion 12, a 1 cm X 10 cm opening
was formed below the optical semiconductor electrode 3. As the gas separation member 9, an ion exchange membrane
(Nafion (registered trademark) manufactured by DuPont) that does not allow the oxygen 7 and the hydrogen 8 to pass
therethrough and allows hydrogen ions to pass therethrough was provided in contact with the conductive substrate 3a,
between the optical semiconductor electrode 3 and the counter electrode 4 (including the opening as the ion passing
portion 12). In the container 2, the water inlet 5 was provided below the level of the optical semiconductor electrode 3
and the level of the counter electrode 4 (on the lower surface of the container 2). Furthermore, in the container 2, the
oxygen outlet 6a was provided at the same level as or above the level of the upper end of the optical semiconductor
electrode 3, and the hydrogen outlet 6b was provided at the same level as or above the level of the upper end of the
counter electrode 4. The container 2 was inclined at an angle of 60° with respect to the horizontal plane so that both the
n-type semiconductor layer 3b of the optical semiconductor electrode 3 and the surface of the counter electrode 4 in
contact with the electrolyte solution 11 faced upward and that the n-type semiconductor layer 3b was irradiated with
sunlight at a right angle. Water with a pH of 0 was used as the electrolyte solution 11.

<Sunlight Irradiation Experiment>

[0053] The photoelectrochemical cell 1 was actually irradiated with sunlight, and as a result, it was confirmed that the
oxygen 7 was generated on the surface of the optical semiconductor electrodes 3 and the hydrogen 8 was generated
on the surface of the counter electrodes 4. Then, the oxygen generation rate and the hydrogen generation rate were
measured. As a result, the oxygen generation rate was 1.6 X 107 L/s, and the hydrogen generation rate was 3.1 X 107
L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus stoichio-
metrically, it was confirmed that water was decomposed. The photocurrent flowing between the optical semiconductor
electrode 3 and the counter electrode 4 was measured. As a result, the photocurrent was 2.3 mA, and thus stoichiomet-
rically, it was confirmed that water was electrolyzed. The solar-to-hydrogen (STH) conversion efficiency was calculated
using this value. As a result, the STH efficiency was about 0.028%. These measurements were continued, but there
was no significant change in these values. One possible reason for this is, from the observation of the surfaces of the
optical semiconductor electrode 3 and the counter electrode 4 during the experiment, that since the surface of the optical
semiconductor electrode 3 on the n-type semiconductor layer 3b side and the surface of the counter electrode 4 in
contact with the electrolyte solution 11 faced upward, the surface of the optical semiconductor electrode 3 was not
covered with at least oxygen and the surface of the counter electrode 4 was not covered with at least hydrogen. Another
possible reason why these electrodes were not covered with oxygen and hydrogen is that water was supplied to the
optical semiconductor electrode 3 and the counter electrode 4 through the inlet 5 provided below the level of the lower
end of the optical semiconductor electrode 3 and the level of the lower end of the counter electrode 4 while oxygen was
discharged through the oxygen outlet 6a provided at the same level as or above the level of the upper end of the optical
semiconductor electrode 3 and hydrogen was discharged through the hydrogen outlet 6b provided at the same level as
or above the level of the upper end of the counter electrode 4. Still another possible reason is that since hydrogen ions
at least moved from the optical semiconductor electrode 3 side to the counter electrode 4 side through the ion passing
portion 12, the initial efficiency of water decomposition could be maintained at a high level for a long period of time.

(Comparative Example 1)

[0054] As Comparative Example 1, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 31 shown in Fig. 3 was fabricated. Specifically, the photoelectrochemical cell 31 was fabricated in the same
manner as in Example 1, except that an optical semiconductor electrode 32 that was placed with an n-type semiconductor
layer 32b facing downward to face the counter electrode 4 and a conductive substrate 32a being in close contact with
the inner wall of the container 2 was provided instead of the optical semiconductor electrode 3 that was placed with the
n-type semiconductor layer 3b facing upward in Example 1.
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<Sunlight Irradiation Experiment>

[0055] The photoelectrochemical cell 31 of Comparative Example 1 was actually irradiated with sunlight, and as a
result, it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode 32 and hydrogen
was generated on the surface of the counter electrode 4. Then, the oxygen generation rate and the hydrogen generation
rate were measured. As a result, the oxygen generation rate was 1.2 X 107 L/s, and the hydrogen generation rate was
2.3 X107 L/s, and the ratio between the oxygen generation and the hydrogen generation was 1:2. Thus stoichiometrically,
it was confirmed that water was decomposed. The current flowing between the optical semiconductor electrode and the
counter electrode was measured. As a result, the current was 1.7 mA, and thus stoichiometrically, it was confirmed that
water was electrolyzed. The STH efficiency was calculated using this value, and a value of about 0.021% was obtained.
[0056] In the photoelectrochemical cell 31 of Comparative Example 1, as shown in Fig. 3, the oxygen 7 generated on
the n-type semiconductor layer 32b of the optical semiconductor electrode 32 adhered to and covered the surface of
the n-type semiconductor layer 32b facing downward, which presumably made it difficult for the electrolyte solution 11
to diffuse over the surfaces of the electrodes, and thus decreased the efficiency of water photolysis. Probably for the
reason mentioned above, water photolysis became less efficientin the photoelectrochemical cell of Comparative Example
1 than that of Example 1.

(Comparative Example 2)

[0057] As Comparative Example 2, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 41 shown in Fig. 4 was fabricated. Specifically, the photoelectrochemical cell 41 was fabricated in the same
manner as in Example 1, except that a counter electrode 42 that was placed with its surface in contact with the electrolyte
solution 11 facing downward (but its back surface being covered with fluororesin) was used instead of the counter
electrode 4 that was placed with its surface in contact with the electrolyte solution 11 facing upward.

<Sunlight Irradiation Experiment>

[0058] The photoelectrochemical cell 41 of Comparative Example 2 was actually irradiated with sunlight, and as a
result, it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode 3 and hydrogen
was generated on the surface of the counter electrode 42. Then, the oxygen generation rate and the hydrogen generation
rate were measured. As a result, the oxygen generation rate was 1.4 X 1077 L/s, and the hydrogen generation rate was
2.7 X 10°7 L/s, and the ratio between the oxygen generation and the hydrogen generation was 1:2. Thus stoichiometrically,
it was confirmed that water was decomposed. The current flowing between the optical semiconductor electrode and the
counter electrode was measured. As a result, the current was 2.0 mA, and thus stoichiometrically, it was confirmed that
water was electrolyzed. The STH efficiency was calculated using this value, and a value of about 0.025% was obtained.
[0059] In the photoelectrochemical cell 41 of Comparative Example 2, as shown in Fig. 4, the hydrogen 8 generated
on the surface of the counter electrode 42 adhered to and covered the surface of the counter electrode 42 facing
downward, which presumably made it difficult for the electrolyte solution 11 to diffuse over the surfaces of the electrodes,
and thus decreased the efficiency of water photolysis. Probably for the reason mentioned above, water photolysis became
less efficient in the photoelectrochemical cell of Comparative Example 2 than that of Example 1.

(Comparative Example 3)

[0060] As Comparative Example 3, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 51 shown in Fig. 5 was fabricated. Specifically, the photoelectrochemical cell 51 was fabricated in the same
manner as the photoelectrochemical cell 1 of Example 1, except that the same optical semiconductor electrode 32 of
Comparative Example 1 and the same counter electrode 42 of Comparative Example 2 were used.

<Sunlight Irradiation Experiment>

[0061] The photoelectrochemical cell 51 of Comparative Example 3 was actually irradiated with sunlight, and as a
result, it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode 32 and hydrogen
was generated on the surface of the counter electrodes 42. Then, the oxygen generation rate and the hydrogen generation
rate were measured. As a result, the oxygen generation rate was 1.0 X 107 L/s, and the hydrogen generation rate was
2.1 X 107 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus
stoichiometrically, it was confirmed that water was decomposed. The photocurrent flowing between the optical semi-
conductor electrode 32 and the counter electrode 42 was measured. As a result, the photocurrent was 1.6 mA, and thus
stoichiometrically, it was confirmed that water was electrolyzed. The STH efficiency was calculated using this value, and
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a value of about 0.020% was obtained.

[0062] In the photoelectrochemical cell 51 of Comparative Example 3, as shown in Fig. 5, the oxygen 7 generated on
the n-type semiconductor layer 32b of the optical semiconductor electrode 32 adhered to and covered the surface of
the n-type semiconductor layer 32b facing downward. The hydrogen 8 generated on the surface of the counter electrode
42 adhered to and covered the surface of the counter electrode 42 facing downward. Presumably, this made it difficult
for the electrolyte solution 11 to diffuse over the surfaces of the electrodes, and thus decreased the efficiency of water
photolysis. Probably for the reason mentioned above, water photolysis became less efficient in the photoelectrochemical
cell of Comparative Example 3 than that of Example 1.

(Example 2)

[0063] As Example 2, a photoelectrochemical cell having the same configuration as a photoelectrochemical cell 61
shown in Fig. 6 was fabricated. Specifically, the photoelectrochemical cell 61 was fabricated in the same manner as the
photoelectrochemical cell 1 of Example 1, except that the gas separation member 9 was not provided.

<Sunlight Irradiation Experiment>

[0064] The photoelectrochemical cell 61 of Example 2 was actually irradiated with sunlight, and as a result, it was
confirmed that oxygen was generated on the surface of the optical semiconductor electrode 3 and hydrogen was gen-
erated on the surface of the counter electrode 4. Then, the oxygen generation rate and the hydrogen generation rate
were measured. As a result, the oxygen generation rate was 4.0 X 10-7 L/s, and the hydrogen generation rate was 8.1
X 1077 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus
stoichiometrically, it was confirmed that water was decomposed. The photocurrent flowing between the optical semi-
conductor electrode 3 and the counter electrode 4 was measured. As a result, the photocurrent was 6.1 mA, and thus
stoichiometrically, it was confirmed that water was electrolyzed. The STH efficiency was calculated using this value, and
a value of about 0.075% was obtained.

[0065] Presumably, since the gas separation member 9 was not provided in the photoelectrochemical cell 61 of
Example 2, the transport number of hydrogen ions was increased from that in Example 1. Probably for the reason
mentioned above, water photolysis became more efficient in the photoelectrochemical cell of Example 2 than that of
Example 1.

(Example 3)

[0066] As Example 3, a photoelectrochemical cell having the same configuration as the photoelectrochemical cell 71
shown in Fig. 7 was fabricated. Specifically, an inlet 72 disposed 2 cm above the level of the lower end of the optical
semiconductor electrode 3 was used instead of the inlet 5 of Example 1 disposed below the level of the lower end of
the optical semiconductor electrode 3 and the level of the lower end of the counter electrode 4, when the lower surface
of the container 2 of the photoelectrochemical cell that was set in place was defined as a reference level. The photo-
electrochemical cell 71 was fabricated in the same manner as the photoelectrochemical cell 1 of Example 1, except for
the configuration of the water inlet.

<Sunlight Irradiation Experiment>

[0067] The photoelectrochemical cell 71 of Example 3 was actually irradiated with sunlight, and as a result, it was
confirmed that oxygen was generated on the surface of the optical semiconductor electrode 3 and hydrogen was gen-
erated on the surface of the counter electrode 4. Then, the oxygen generation rate and the hydrogen generation rate
were measured. As a result, the oxygen generation rate was 1.4 X 107 L/s, and the hydrogen generation rate was 2.8
X 107 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus
stoichiometrically, it was confirmed that water was decomposed. The photocurrent flowing between the optical semi-
conductor electrode 3 and the counter electrode 4 was measured. As a result, the photocurrent was 2.1 mA, and thus
stoichiometrically, it was confirmed that water was electrolyzed. The STH efficiency was calculated using this value, and
a value of about 0.026% was obtained. These measurements were continued, and a slight decrease in the efficiency
was observed.

[0068] One possible reason for this is that the water inlet 72 was provided above the level of the lower end of the
optical semiconductor electrode 3 and the level of the lower end of the counter electrode 4 in the photoelectrochemical
cell 71 of Example 3, which made it more difficult to supply water uniformly to the optical semiconductor electrode 3 and
the counter electrode 4 than in the photoelectrochemical cell 1 of Example 1. Furthermore, it was observed that the
optical semiconductor electrode 3 was partially covered with the oxygen 7 and the counter electrode 4 was partially
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covered with the hydrogen 8, which also can be explained by this configuration. Probably for the reason mentioned
above, water photolysis became less efficient in the photoelectrochemical cell of Example 3 than that of Example 1.

(Example 4)

[0069] As Example 4, a photoelectrochemical cell having the same configuration as the photoelectrochemical cell 81
shown in Fig. 8 was fabricated. Specifically, an oxygen outlet 82a disposed 2 cm below the level of the upper end of the
optical semiconductor electrode 3 and a hydrogen outlet 82b disposed 2cm below the level of the upper end of the
counter electrode 4 were used instead of the oxygen outlet 6a of Example 1 disposed at the same level as or above the
level of the upper end of the optical semiconductor electrode 3 and the hydrogen outlet 6b of Example 1 disposed at
the same level as or above the level of the upper end of the counter electrode 4, when the photoelectrochemical cell
was set in place. The photoelectrochemical cell 81 was fabricated in the same manner as the photoelectrochemical cell
1 of Example 1, except for the configuration of the oxygen outlet and the hydrogen outlet.

<Sunlight Irradiation Experiment>

[0070] The photoelectrochemical cell 81 of Example 4 was actually irradiated with sunlight, and as a result, it was
confirmed that oxygen was generated on the surface of the optical semiconductor electrode 3 and hydrogen was gen-
erated on the surface of the counter electrode 4. Then, the oxygen generation rate and the hydrogen generation rate
were measured. As a result, the oxygen generation rate was 1.3 X 107 L/s, and the hydrogen generation rate was 2.6
X 1077 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus
stoichiometrically, it was confirmed that water was decomposed. The photocurrent flowing between the optical semi-
conductor electrode 3 and the counter electrode 4 was measured. As a result, the photocurrent was 2.0 mA, and thus
stoichiometrically, it was confirmed that water was electrolyzed. The STH efficiency was calculated using this value, and
a value of about 0.025% was obtained. These measurements were continued, and a slight decrease in the efficiency
was observed.

[0071] One possible reason for this is that the oxygen outlet 82a was provided below the level of the upper end of the
optical semiconductor electrode 3 and the hydrogen outlet 82b was provided below the level of the upper end of the
counter electrode 4 in the photoelectrochemical cell 81 of Example 4, which made it more difficult to discharge oxygen
and hydrogen than in the photoelectrochemical cell 1 of Example 1. Furthermore, it was observed that the optical
semiconductor electrode 3 was partially covered with the oxygen 7 and the counter electrode 4 was partially covered
with the hydrogen 8, which also can be explained by this configuration. Probably for the reason mentioned above, water
photolysis became less efficient in the photoelectrochemical cell of Example 4 than that of Example 1.

(Example 5)

[0072] As Example 5, a photoelectrochemical cell having the same configuration as a photoelectrochemical cell 91
shown in Fig. 9 was fabricated. The photoelectrochemical cell of Example 5 is described below with reference to FIG.
9. The photoelectrochemical cell 91 is different from the photoelectrochemical cell 21 shown in Fig. 2 in that slit-shaped
through holes 94 were formed in a counter electrode 92 and the back surface of the counter electrode 92 (i.e., the surface
not in contact with the electrolyte solution) was covered with a fluororesin tape 93, but has the same configuration as
the photoelectrochemical cell 21 described in the second embodiment except for these differences. In Example 5, the
counter electrode 92 in which the through-holes 94 were formed was used to compare the efficiency of water photolysis
in the configuration of Example 5 accurately with that in the configuration of Comparative Example 6 described below
(in which through-holes of a counter electrode must be formed at the positions corresponding to the ion passing portions
formed in an optical semiconductor electrode due to the position where the counter electrode was placed). In the
photoelectrochemical cell of the present invention, however, there is no need to form through-holes in the counter
electrode. In addition, the fluororesin tape 93 was attached to prevent the electrolyte solution 11 from being brought into
contact with the back surface of the counter electrode 92 and causing a hydrogen generation reaction on the back
surface, so as to make it possible to compare accurately with Comparative Example 6 described below.

[0073] First, an ITO thin film (with a thickness of 150 nm and a sheet resistance of 10 Q/sq.) was formed by sputtering
on a 0.8 cm X 10 cm glass substrate strip. A titanium oxide film (an anatase polycrystalline film with a thickness of 500
nm) serving as the n-type semiconductor layer 22b was formed by sputtering on this ITO thin film-deposited glass
substrate (corresponding to the conductive substrate 3a). Thus an ITO thin film-deposited glass substrate on which the
n-type semiconductor layer was formed was obtained, and 10 strips of this substrate were prepared. These 10 strips
were placed at 0.2 cm intervals (corresponding to the ion passing portions 23). Thus the optical semiconductor electrode
22 was obtained. Specifically, 10 strips of the ITO thin film-deposited glass substrate on which the n-type semiconductor
layer was formed were placed between two square frames 141 and 142 with inside dimensions of 9.8 cm X 9.8 cm (and
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outside dimensions of 10 cm X 10 cm), as shown in Fig. 14, to obtain the optical semiconductor electrode 22. On the
other hand, 10 platinum plate strips of 0.8 cm X 10 cm were placed at 0.2 cm intervals and united together in the same
manner as described above. Thus the 10 cm X 10 cm square counter electrode 92 was obtained. The back surface of
the counter electrode 92 was covered with the fluororesin tape 93. The counter electrode 92 was placed in the container
2 with its back surface being in close contact with the inner wall of the container 2 through the fluororesin tape 93 and
its surface facing the conductive substrate 22a. As the gas separation member 9, an ion exchange membrane (Nafion
(registered trademark) manufactured by DuPont) that does not allow the oxygen 7 and the hydrogen 8 to pass therethrough
and allows hydrogen ions to pass therethrough was provided in contact with the conductive substrate 22a, between the
optical semiconductor electrode 22 and the counter electrode 92. The container 2 was inclined at an angle of 60° with
respect to the horizontal plane so that both the n-type semiconductor layer 22b of the optical semiconductor electrode
22 and the surface of the counter electrode 92 in contact with the electrolyte solution 11 (i.e., the surface not covered
with the fluororesin tape 93) faced upward and that the n-type semiconductor 22b layer was irradiated with sunlight at
a right angle. Water with a pH of 1 was used as the electrolyte solution 11.

<Sunlight Irradiation Experiment>

[0074] The photoelectrochemical cell 91 was actually irradiated with sunlight, and as a result, it was confirmed that
the oxygen 7 was generated on the surface of the optical semiconductor electrodes 22 and the hydrogen 8 was generated
on the surface of the counter electrodes 92. Then, the oxygen generation rate and the hydrogen generation rate were
measured. As a result, the oxygen generation rate was 1.3 X 107 L/s, and the hydrogen generation rate was 2.5 x 107
L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus stoichio-
metrically, it was confirmed that water was decomposed. The current flowing between the optical semiconductor electrode
22 and the counter electrode 92 was measured. As a result, the current was 1.8 mA, and thus stoichiometrically, it was
confirmed that water was electrolyzed. The solar-to-hydrogen (STH) conversion efficiency was calculated using this
value based on the lower heating value, and a value of about 0.023% was obtained.

(Example 6)

[0075] A photoelectrochemical cell was fabricated in the same manner as in Example 5, except that a 10 cm square
titanium wire mesh (with a wire diameter of 0.1 mm and a mesh number of 100) was used instead of the conductive
substrate 22a used in Example 5.

<Sunlight Irradiation Experiment>

[0076] The photoelectrochemical cell of Example 6 was actually irradiated with sunlight, and as aresult, it was confirmed
that oxygen was generated on the surface of the optical semiconductor electrode and hydrogen was generated on the
surface of the counter electrode. Then, the oxygen generation rate and the hydrogen generation rate were measured.
As a result, the oxygen generation rate was 1.7 X 107 L/s, and the hydrogen generation rate was 3.3 X 107 L/s, and
the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus stoichiometrically,
it was confirmed that water was decomposed. The current flowing between the optical semiconductor electrode and the
counter electrode was measured. As a result, the current was 2.3 mA, and thus stoichiometrically, it was confirmed that
water was electrolyzed. The STH efficiency was calculated using this value, and a value of about 0.028% was obtained.
[0077] As described above, the photoelectrochemical cell of Example 6 showed better results than the photoelectro-
chemical cell of Example 5. In the configuration of Example 5, there was no n-type semiconductor in the through-holes.
In contrast, in the mesh-type optical semiconductor electrode of Example 6, there was an n-type semiconductor in the
openings of the mesh, which increased the surface area of the n-type semiconductor layer. Furthermore, the mesh-type
electrode made it possible not only to reduce the cross-sectional area of each through-hole but also to distribute the
through-holes uniformly throughout the surface of the electrode. Probably for the reasons mentioned above, water
photolysis became more efficient in the photoelectrochemical cell of Example 6 than that of Example 5.

(Example 7)
[0078] A photoelectrochemical cell was fabricated in the same manner as in Example 5, except that a 10 cm square

and 1 cm thick titanium metal honeycomb (with an opposite side distance of 6 mm) was used instead of the conductive
substrate 22a used in Example 5.
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<Sunlight Irradiation Experiment>

[0079] The photoelectrochemical cell of Example 7 was actually irradiated with sunlight, and as aresult, it was confirmed
that oxygen was generated on the surface of the optical semiconductor electrode and hydrogen was generated on the
surface of the counter electrode. Then, the oxygen generation rate and the hydrogen generation rate were measured.
As a result, the oxygen generation rate was 1.9 X 107 L/s, and the hydrogen generation rate was 3.6 X 107 L/s, and
the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus stoichiometrically,
it was confirmed that water was decomposed. The current flowing between the optical semiconductor electrode and the
counter electrode was measured. As a result, the current was 2.5 mA, and thus stoichiometrically, it was confirmed that
water was electrolyzed. The STH efficiency was calculated using this value, and a value of about 0.031% was obtained.
[0080] As described above, the photoelectrochemical cell of Example 7 showed better results than the photoelectro-
chemical cells of Example 5 and Example 6. Presumably, these behaviors were observed because the honeycomb
structure of the optical semiconductor electrode provided the same advantageous effects of the mesh structure of the
optical semiconductor electrode of Example 6 and, in addition, allowed an n-type semiconductor to be formed also on
the side wall of each through-hole, which achieved more effective use of sunlight with which the through-holes were
irradiated. Probably as a result, the efficiency of water photoelectrolysis could further be improved.

(Comparative Example 4)

[0081] A conductive substrate composed of a 8 cm X 10 cm glass substrate and an ITO thin film (with a thickness of
150 nm and a sheet resistance of 10 Q/sq.) formed thereon by sputtering was used instead of the conductive substrate
22a used in Example 5. An n-type semiconductor layer was formed on this conductive substrate in the same manner
as in Example 1. Thus an optical semiconductor electrode was obtained. That is, no ion passing portion was provided
in the optical semiconductor electrode of Comparative Example 4. The 8 cm X 10 cm optical semiconductor electrode
thus fabricated was placed on a 10 cm X 10 cm surface, with a margin of 1 cm X 10 cm on each side thereof, inside a
container like that of Example 5. The configuration was the same as that of Example 5 except for this optical semiconductor
electrode.

<Sunlight Irradiation Experiment>

[0082] The photoelectrochemical cell of Comparative Example 4 was actually irradiated with sunlight, and as a result,
it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode and hydrogen was
generated on the surface of the counter electrode. Then, the oxygen generation rate and the hydrogen generation rate
were measured. As a result, the oxygen generation rate was 0.8 X 1077 L/s, and the hydrogen generation rate was 1.6
X 1077 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately 1:2. Thus
stoichiometrically, it was confirmed that water was decomposed. The current flowing between the optical semiconductor
electrode and the counter electrode was measured. As a result, the current was 0.9 mA, and thus stoichiometrically, it
was confirmed that water was electrolyzed. The STH efficiency was calculated using this value, and a value of about
0.014% was obtained.

[0083] Inthe configuration of Comparative Example 4, ions can move between the surface of the optical semiconductor
layer of the optical semiconductor electrode and the surface of the counter electrode only through the spaces between
the end portions of the optical semiconductor electrode and the inner wall of the container. If these spaces are the only
spaces through which the ions can pass, hydrogen ions must be diffused to the end portions of the optical semiconductor
electrode, and the diffusion resistance increases. In addition, since the diffusion of the hydrogen ions is concentrated
in the region of the counter electrode near the spaces, the hydrogen overvoltage of the counter electrode increases.
Probably as a result, the efficiency of water photoelectrolysis decreases significantly.

(Comparative Example 5)

[0084] As Comparative Example 5, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 101 shown in Fig. 10 was fabricated. Specifically, the photoelectrochemical cell 101 was fabricated in the same
manner as in Example 5, except that an optical semiconductor electrode 102 that was placed with an n-type semiconductor
layer 102b facing downward and a conductive substrate 102a being in close contact with the inner wall of the container
2 was provided, instead of the optical semiconductor electrode 22 of Example 5 that was placed with the n-type semi-
conductor layer 22b facing upward.
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<Sunlight Irradiation Experiment>

[0085] The photoelectrochemical cell 51 of Comparative Example 5 was actually irradiated with sunlight, and as a
result, it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode 102 and
hydrogen was generated on the surface of the counter electrode 92. Then, the oxygen generation rate and the hydrogen
generation rate were measured. As a result, the oxygen generation rate was 1.0 X 107 L/s, and the hydrogen generation
rate was 1.8 X 1077 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately
1:2. Thus stoichiometrically, it was confirmed that water was decomposed. The current flowing between the optical
semiconductor electrode 102 and the counter electrode 92 was measured. As a result, the current was 1.3 mA, and
thus stoichiometrically, it was confirmed that water was electrolyzed. The STH efficiency was calculated using this value,
and a value of about 0.016% was obtained.

[0086] In the photoelectrochemical cell 101 of Comparative Example 5, as shown in Fig. 10, the oxygen 7 generated
on the n-type semiconductor layer 102b of the optical semiconductor electrode 102 adhered to and covered the surface
of the n-type semiconductor layer 102b facing downward. Presumably, this made it difficult for the electrolyte solution
11 to diffuse over the surfaces of the electrodes, and thus decreased the efficiency of water photolysis.

(Comparative Example 6)

[0087] As Comparative Example 6, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 111 shown in Fig. 11 was fabricated. Specifically, the photoelectrochemical cell 111 was fabricated in the same
manner as in Example 5, except that a counter electrode 112 that was placed with its surface in contact with the electrolyte
solution 11 facing downward (but its back surface being covered with a fluororesin tape 113) was used instead of the
counter electrode 92 of Example 5 that was placed with its surface in contact with the electrolyte solution 11 facing upward.

<Sunlight Irradiation Experiment>

[0088] The photoelectrochemical cell 111 of Comparative Example 6 was actually irradiated with sunlight, and as a
result, it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode 22 and hydrogen
was generated on the surface of the counter electrode 112. Then, the oxygen generation rate and the hydrogen generation
rate were measured. As a result, the oxygen generation rate was 1.1 X 107 L/s, and the hydrogen generation rate was
2.2 X 10°7 L/s, and the ratio between the oxygen generation and the hydrogen generation was 1:2. Thus stoichiometrically,
it was confirmed that water was decomposed. The current flowing between the optical semiconductor electrode 22 and
the counter electrode 112 was measured. As aresult, the currentwas 1.4 mA, and thus stoichiometrically, it was confirmed
that water was electrolyzed. The STH efficiency was calculated using this value, and a value of about 0.016% was
obtained.

[0089] In the photoelectrochemical cell 111 of Comparative Example 6, as shown in Fig. 11, the hydrogen 8 generated
on the surface of the counter electrode 112 adhered to and covered the surface of the counter electrode 112 facing
downward. Presumably, this made it difficult for the electrolyte solution 11 to diffuse over the surfaces of the electrodes,
and thus decreased the efficiency of water photolysis.

(Comparative Example 7)

[0090] As Comparative Example 7, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 121 shown in Fig. 12 was fabricated. Specifically, the photoelectrochemical cell 121 was fabricated in the same
manner as the photoelectrochemical cell 91 of Example 5, except that the same optical semiconductor electrode 102
of Comparative Example 5 and the same counter electrode 112 of Comparative Example 6 were used.

<Sunlight Irradiation Experiment>

[0091] The photoelectrochemical cell 111 of Comparative Example 7 was actually irradiated with sunlight, and as a
result, it was confirmed that oxygen was generated on the surface of the optical semiconductor electrode 102 and
hydrogen was generated on the surface of the counter electrode 112. Then, the oxygen generation rate and the hydrogen
generation rate were measured. As a result, the oxygen generation rate was 0.8 X 107 L/s, and the hydrogen generation
rate was 1.7 X 1077 L/s, and the ratio between the oxygen generation and the hydrogen generation was approximately
1:2. Thus stoichiometrically, it was confirmed that water was decomposed. The photocurrent flowing between the optical
semiconductor electrode 102 and the counter electrode 112 was measured. As a result, the photocurrent was 1.0 mA,
and thus stoichiometrically, it was confirmed that water was electrolyzed. The STH efficiency was calculated using this
value, and a value of about 0.013% was obtained.
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[0092] In the photoelectrochemical cell 121 of Comparative Example 7, as shown in Fig. 12, the oxygen 7 generated
on the n-type semiconductor layer 102b of the optical semiconductor electrode 102 adhered to and covered the surface
of the n-type semiconductor layer 102b facing downward. The hydrogen 8 generated on the surface of the counter
electrode 112 adhered to and covered the surface of the counter electrode 112 facing downward. Presumably, this made
it difficult for the electrolyte solution 11 to diffuse over the surfaces of the electrodes, and thus decreased the efficiency
of water photolysis.

(Comparative Example 8)

[0093] As Comparative Example 8, a photoelectrochemical cell having the same configuration as a photoelectrochem-
ical cell 131 shown in Fig. 13 was fabricated. Specifically, the photoelectrochemical cell 131 was fabricated in the same
manner as in Example 1, except that a conductive substrate 132a composed of a 10 cm square glass substrate and an
ITO thin film (with a thickness of 150 nm and a sheet resistance of 10 Q/sq.) formed thereon by sputtering was used
instead of the conductive substrate 22a used in Example 5. An n-type semiconductor layer 132b that was fabricated in
the same manner as in Example 1 was disposed on this conductive substrate 132a. Thus an optical semiconductor
electrode 132 was formed.

<Sunlight Irradiation Experiment>

[0094] The photoelectrochemical cell 131 of Comparative Example 8 was actually irradiated with sunlight, and as a
result, it could not be confirmed that oxygen was generated on the surface of the optical semiconductor electrode 132
and hydrogen was generated on the surface of the counter electrode 92. Presumably, these behaviors were observed
because the optical semiconductor electrode 132 divided the inner space of the cell into a region where the n-type
semiconductor layer 132b was located and a region where the counter electrode 92 was located, which blocked the
movement of hydrogen ions to the counter electrode 92.

INDUSTRIAL APPLICABILITY

[0095] Since the photoelectrochemical cell of the present invention can improve the quantum efficiency of hydrogen
generation reaction by light irradiation, it can be suitably used as a hydrogen source for fuel cells, or the like.

Claims
1. Aphotoelectrochemical cell for hydrogen generation by decomposition of water by lightirradiation, the cell comprising:

afirst electrode including a conductive substrate and an optical semiconductor layer disposed on the conductive
substrate;

a second electrode disposed to face a surface of the first electrode on a conductive substrate side and connected
electrically to the conductive substrate;

an electrolyte solution containing water and disposed in contact with a surface of the optical semiconductor
layer and a surface of the second electrode;

a container in which the first electrode, the second electrode, and the electrolyte solution are disposed;

an inlet for supplying water into the container; and

an ion passing portion that allows ions to move between the electrolyte solution in a first region on a surface
side of the optical semiconductor layer and the electrolyte solution in a second region on an opposite side of
the first region with respect to the first electrode,

wherein when the optical semiconductor layer is irradiated with light, the water in the electrolyte solution is
decomposed to generate hydrogen.

2. The photoelectrochemical cell according to claim 1, wherein the ion passing portion is an opening formed in the first
electrode, and is provided below a level of a lower end of the first electrode and a level of a lower end of the second
electrode, when a lower surface of the container of the photoelectrochemical cell that is set in place is defined as
a reference level.

3. The photoelectrochemical cell according to claim 1, wherein the ion passing portion is a through-hole formed in the
first electrode.
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The photoelectrochemical cell according to claim 3, wherein the first electrode has a mesh structure.
The photoelectrochemical cell according to claim 3, wherein the first electrode has a honeycomb structure.

The photoelectrochemical cell according to claim 1, further comprising a gas separation member disposed between
the first electrode and the second electrode so as to separate a gas generated on a first electrode side and a gas
generated on a second electrode side from each other.

The photoelectrochemical cell according to claim 6, wherein the gas separation member is an ion exchanger.

The photoelectrochemical cell according to claim 1, wherein the second electrode has a smaller area than the first
electrode.

The photoelectrochemical cell according to claim 1, wherein the inlet is provided below a level of a lower end of the
first electrode and a level of a lower end of the second electrode, when a lower surface of the container of the
photoelectrochemical cell that is set in place is defined as a reference level.

The photoelectrochemical cell according to claim 1, further comprising: a first outlet for discharging a gas generated
on a first electrode side; and a second outlet for discharging a gas generated on a second electrode side,
wherein the first outlet and the second outlet are disposed so that the first outlet is located at the same level as or
above a level of an upper end of the first electrode and that the second outlet is located at the same level as or
above a level of an upper end of the second electrode, when the photoelectrochemical cell is set in place.

The photoelectrochemical cell according to claim 1, wherein when the photoelectrochemical cell is set in place, the

first electrode is positioned with the optical semiconductor layer facing upward, and the second electrode is positioned
with the surface in contact with the electrolyte solution facing upward.
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